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Abstract: Using a new class of (BH4)− substituted argyrodite Li6PS5Z0.83(BH4)0.17, (Z = Cl, I) solid 
electrolyte, Li-metal solid-state batteries operating at room temperature have been developed. The 
cells were made by combining the modified argyrodite with an In-Li anode and two types of 
cathode: an oxide, LixMO2 (M = ⅓ Ni, ⅓ Mn, ⅓ Co; so called NMC) and a titanium disulfide, TiS2. 
The performance of the cells was evaluated through galvanostatic cycling and Alternating Current 
AC electrochemical impedance measurements. Reversible capacities were observed for both 
cathodes for at least tens of cycles. However, the high-voltage oxide cathode cell shows lower 
reversible capacity and larger fading upon cycling than the sulfide one. The AC impedance 
measurements revealed an increasing interfacial resistance at the cathode side for the oxide 
cathode inducing the capacity fading. This resistance was attributed to the intrinsic poor 
conductivity of NMC and interfacial reactions between the oxide material and the argyrodite 
electrolyte. On the contrary, the low interfacial resistance of the TiS2 cell during cycling evidences 
a better chemical compatibility between this active material and substituted argyrodites, allowing 
full cycling of the cathode material, 240 mAhg−1, for at least 35 cycles with a coulombic efficiency 
above 97%. 
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1. Introduction 
Besides other storage means, to date, batteries are considered among the best candidates to 
store energy. In particular, nowadays, the Li-ion technology offers the best compromise between 
reliability, cost, and energy density. However, developments are still needed for this latter 
technology to fulfill the energy density targeted by the market of electric vehicles (EV). In this 
regard, the solid-state battery (SSB) is considered the most promising candidate providing high 
energy and power with improved safety. Indeed, SSB are expected to mitigate some hazards related 
to the use of current liquid organic electrolytes (flammability, dendrite formation with Li, Solid 
Electrolyte Interface (SEI) growth) and to allow for thinner electrolyte layers, allowing higher power 
and energy densities. The enhancement on the performance of SSBs ties in closely with the 
development of solid electrolytes (SE), providing a high ionic conductivity, a sufficient 
electrochemical stability, and chemical compatibility with the active materials [1–4]. 
Among the range of inorganic SEs, sulfides are excellent candidates due to their high ionic 
conductivity (as high as 10−2 S cm−1) at room temperature (RT) and high lithium transference number 
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(~1) [5]. Besides, their remarkably low Young modulus (~20 GPa) facilitates the assembly of the cell 
components at low mechanical pressures and ensures a low electrolyte–electrode interfacial 
resistance [6,7]. One of the most relevant features of SSBs is the high energy density, reachable with 
high-voltage active materials and enabled by the solid electrolyte [8,9]. The NMC is a high-voltage 
active material that has been used in SSBs with different sulfide-based solid electrolytes such as 
80Li2S·19P2S5·1P2O5 [10], Li3PS4 (LPS) [11,12], Li10GeP2S12 (LGPS) [13] and argyrodites with the 
formula Li6PS5Z (Z = Cl, Br, I) [14,15]. The electrochemical performance of these batteries initially 
displayed theoretical capacities fading to ca. 50 mAhg−1 after a few hundreds of cycles. The poor 
performance of these devices is ascribed to the de-oxidation of the sulfide by the active material and 
loss of contact between the particles after cycling [16]. Coating of NMC with an oxide as protective 
layer is a common strategy to decrease the degradation of the sulfide and improve the life cycle of 
the cells [11]. A superior performance has been reported with other active materials such as TiS2. For 
instance, Kanno et al. showed a reversible capacity of 160 mAhg−1 at 1C with an LGPS cell [17]. The 
combination of LGPS and LPS as solid electrolyte is also highlighted by a cell attaining 25% of the 
theoretical capacity at 20 C [18]. In spite of this, the composition of the sulfide electrolyte for solid 
state devices has to be carefully chosen in order to avoid degradation occurring at the high-voltage 
active material/electrolyte interface [19]. 
Recently, borohydride-based solid electrolytes have been reported showing high ionic 
conductivity near room temperature [20,21]. This novel family of materials opens promising routes 
to develop safe and efficient solid electrolyte. The next step consists in building full batteries 
associating working electrodes with these new electrolytes [22]. 
In a previous work, we reported a new type of argyrodite in which the halide Z− ions are 
partially substituted by (BH4)− units. The SE is prepared by mechanical milling of argyrodite 
precursors (Li2S, P2S5, and LiZ) and LiBH4, with a molar ration LiBH4/LiZ of 1/6 [23]. The molecular 
structure of these compounds is provided in [23]. The high conductivity (between 4.1 and 7.6×10−4 
Scm−1 at RT) and wide electrochemical stability up to 5 V vs. Li/Li+ of these (BH4)− substituted 
argyrodites turn them out into great candidates for their application in high-voltage SSBs 
performing at RT. The present work describes an electrochemical study conducted at RT on SSBs 
using two different argyrodite-type electrolytes in which the halogen (Cl or I) is partially substituted 
by BH4. The electrochemical cells are assembled using these electrolytes, an indium–lithium based 
anode and two different cathodes, either NMC or TiS2, which operate at high and medium voltage, 
respectively. 
2. Materials and Methods 
2.1. Solid-State Electrolytes 
Reagent-grade Li2S (Sigma Aldrich, Saint Louis, MO, USA, 99.98%), P2S5 (Sigma Aldrich, Saint 
Louis, MO, USA, 98%), LiBH4 (Rockwood Lithium, Geesthacht, Germany, 97.8%), LiCl, and LiI 
(Sigma Aldrich, Saint Louis, MO, USA, 99.99%) were used as precursors. Powders were mixed in 
stoichiometric ratio to form the nominal compositions Li6PS5Cl0.83(BH4)0.17 (Cl-SE) and 
Li6PS5I0.83(BH4)0.17 (I-SE). To prepare the electrolytes, 1 g of mixture of the reactants was milled under 
argon atmosphere in a planetary ball-milling equipment (Pulverisette 7, Fritsch, FRITSCH GmbH 
Idar-Oberstein, Germany ) at 600 rpm for 20 h using 25 stainless balls (ρ = 7.8 g cm−3) of 7 mm in 
diameter. More details about SE preparation can be found elsewhere [23]. 
2.2. Cathode Materials 
For the high-voltage cell, commercial LiMO2; M = ⅓ Ni, ⅓ Mn, ⅓ Co (NMC, Sigma-Aldrich, 
Saint Louis, MO, USA, 98%) was used as active material. The practical capacity for NMC is 175 
mAhg−1 (i.e., 0.6 Li) due to the non-uniform conductivity of LixMO2 at different states of charge [24]. 
Owing to the low intrinsic electrical conductivity of NMC (10−7 S cm−1 at discharged state) [25] , 
conductive carbon black C65 was added to the cathode composite. The electrode was prepared by 
hand mixing of NMC, C65, and the SE in an agate mortar with ratio fixed to 25:5:70 wt.%, 
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respectively. For the preparation of the middle-voltage electrode, titanium disulfide (TiS2, Sigma 
Aldrich, Saint Louis, MO, USA, 99.9%) powder was used as active material (240 mAhg−1). Due to its 
intrinsic high conductivity (3.3×103–4.7×102 S cm−1 [26,27], no carbon conductive agent was needed. 
The electrode was prepared by mortar hand mixing of TiS2 with the solid electrolyte (SE) in the 
TiS2:SE ratio 30:70 wt.%. For both active materials, the electrolyte volume fraction was set around 0.8, 
ensuring that the ion transport pathways would not be a limiting factor in these composite 
electrodes [28]. 
2.3. Cell Assembly 
Solid-state cells were assembled by pelletizing together 3–5 mg of the cathode mixture and 80 
mg of the solid electrolyte (either Cl-SE or I-SE) in a 10 mm diameter die applying 2 tons. A bilayer of 
Li and In foil (250 µm and 100 µm thickness) was placed with the In-side facing the solid electrolyte. 
The Li-In|SE|cathode materials were assembled in a home-made sealed Teflon Swagelok cell and 
conditioned overnight at 75 °C to form the In-Li alloy (35 Li:65 In at.%) [29,30] and to minimize the 
interfacial resistance of the cells. 
2.4. Electrochemical Measurements 
The electrochemical performance of the cells was evaluated by galvanostatic cycling. The rate 
capability of the NMC and TiS2 cells was evaluated on a multichannel battery tester (MPG-2, 
Biologics,  Seyssinet-Pariset, FRANCE ) in the 2.0–4.0 V and 0.8–2.2 V range, respectively, at the 
following C-rates: 0.02 C, 0.2 C, 0.1 C back to 0.02 C for NMC; 0.01C, 0.5C, 1C back to 0.01 C for TiS2. 
The NMC cell was cycled at 25 °C and 40 °C to study the impact of the temperature upon cycling. 
The In-Li anode has been used to decrease the reduction potential by 0.6 V vs. Li/Li+ thus limiting the 
reactivity with TiS2 [29,30]. The capacity is reported with respect to the mass of the positive active 
material. AC Electrochemical Impedance Spectroscopy (EIS) measurements were acquired at 25 °C 
using an Autolab PGSTAT30 potentiostat ( Metrohm Villebon Courtaboeuf, FRANCE ). The input 
voltage perturbation and the frequency range were set to 10 mV and 1MHz–1Hz, respectively. The 
data were processed with ZView® software (V3.4, Scribner, Southern Pines, NC USA). 
3. Results 
3.1. High-Voltage NMC│SE│In-Li Cell 
Figure 1a shows the discharge rate capabilities for the NMC cells, including Cl-SE and I-SE as 
solid electrolytes. At 0.02 C and 25 °C, the cell including I-SE delivered 75 mAhg−1. At faster C-rates 
the capacity decreased down to 25 and 10 mAhg−1. A discharge capacity of 60 mAhg−1 was recovered 
at 0.02 C, evidencing a rapid capacity fading of the cell. A similar behavior was observed for the cell 
including Cl-SE, although the initial discharge capacity for this cell reached 100 mAhg−1 and a 
capacity 50% higher than the I-SE cell at faster C-rates. The performance of the cells evidenced 
kinetics issues arising from the difference on the ionic conductivity of the electrolytes: the I-SE ionic 
conductivity at 25 °C was almost twice that of Cl-SE (7.6 × 10−4 and 4.1 × 10-4 Scm−1, respectively) [23]. 
The NMC|Cl-SE|In-Li cell was cycled at 40 °C to elucidate the as-mentioned kinetic limitations. 
Figure 1a shows how at 40 °C, the cell almost reached the theoretical capacity, with a capacity fading 
of ~7%, over 10 cycles at 0.02 C. This value compares well with the literature [24]. In addition, the 
voltage profile comparison at 25 and 40 °C (Figure 1b) displayed a lower polarization of the cell 
cycled at 40 °C, as a result of the higher conductivity of Cl-SE at 40 °C. The recovery of the cell 
capacity at low C rates agreed with ionic diffusion limitations rather than considering chemical side 
reactions. The coulombic efficiency (CE) of the cells (not shown here) varied between 75 and 90% 
depending on the C-rate. Such low CE has been ascribed to a continuous degradation of the cell from 
irreversible side reactions between NMC and the TiS2 during the oxidation (charge) step (Figure 1b) 
[16]. 
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Figure 1. (a) Rate discharge capability of the NMC|Cl-SE|In-Li cell at 25 °C (green) and 40 °C 
(purple), and of the NMC|I-SE|In-Li cell at 25 °C (orange). (b) Charge/discharge profiles of the 
NMC|Cl-SE|In-Li cell obtained at the initial state (0.02 C) at 25 °C (solid line) and 40 °C (dotted line). 
(c) Rate discharge capability and coulombic efficiency (CE) of the TiS2|I-SE|In-Li cell at 25 °C. (d) 
Initial and 30th charge/discharge profile of the TiS2|I-SE|In-Li cell at 25 °C. 
The EIS spectra of the solid-state cell NMC|Cl-SE|In-Li measured at 25 °C before and after 20 
cycles at the charged state are shown in Figure 2a. Before cycling the cell, the EIS showed a clear 
semicircle obtained at high frequency (1 MHz–1 kHz), followed by a partial semicircle at middle 
frequency (100 Hz–1 Hz). The spectra have been fitted to the equivalent circuit proposed in Figure 3. 
The intersection of the high frequency semicircles with the real axis, were attributed to the resistance 
R1 of the electrolyte and cell internal connections, 170 and 150 Ω before and after 20 cycles, 
respectively. The semicircle at high frequency was assigned to the charge transfer resistance at the 
interface between the In-Li anode and the solid electrolyte, equivalent to the parallel contribution of 
constant phase elements (CPE1) and diffusion-controlled Warburg impedance Zw1. The impedance 
Zw1 increased from 1040 Ω before cycling to 1858 Ω after 20 cycles. The partial semicircle at middle 
frequency was assigned to resistivity effects at the SE/cathode interface as well as within the cathode 
and corresponded to the parallel circuit of constant phase elements (CPE2) and diffusion controlled 
Warburg impedance Zw2 in Figure 3. For the as-mounted cell, Zw2 was 2000 Ω and it increased to 
47 kΩ after 20 cycles. 
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Figure 2. (a) Impedance profiles of the NMC|Cl-SE|In-Li cell obtained before and after cycling at 25 
°C, (b) Impedance profiles of the TiS2|I-SE|In-Li cell obtained before and after cycling at 25 °C. 
 
Figure 3. Equivalent circuit proposed for the NMC and TiS2 solid state full cells. 
Similar spectra (Figure S1) were obtained for the cell NMC|I-SE|In-Li and can be modeled 
with the same equivalent circuit (Figure 3). The R1 was around 120 Ω before and 340 Ω after 20 
cycles. The first semicircle at high frequency (CPE1, Zw1) gave Zw1 = 1270 Ω and 1780 Ω before 
and after 20 cycles, respectively. The second circle (CPE2, Zw2) at middle frequency gave Zw2 = 56 
kΩ and 63 kΩ before and after 20 cycles. These values were comparable to the Cl-SE cell. From R1 
values, the ionic conductivity of Cl-SE and I-SE electrolytes were determined as 4.1 and 5.9×10−4 
Scm−1 RT, respectively, comparable to previously-reported work [23]. 
3.2. TiS2│I-SE│In-Li Cell 
Figure 1c shows the rate capability and CE for the TiS2|I-SE|In-Li cell cycled at 25 °C. During 
the first three cycles the cell showed a poor performance with unstable discharge capacity and CE. 
The voltage profile of the first cycle at 0.01 C shown in Figure 1d suggests the formation of 
decomposition compounds during oxidation and reduction process. After these initial formation 
cycles, the cell successfully delivered the full capacity (240 mAhg−1) with a 97% CE. The voltage 
profile of the 4th cycle shown in Figure 1d reveals stable sloppy potential curves characteristics from 
TiS2. At increasing C-rates, the capacity of the cell decreased down to 40 and 20 mAhg−1 at 0.5 C and 
0.1 C, respectively, evidencing kinetic limitations likely arising from the insufficient conductivity of 
the SE. Back to 0.01 C, the cell recovered, showing stable cycles and delivering the theoretical 
capacity for 35 cycles. 
The EIS of the TiS2|I-SE|In-Li cell was recorded at 25 °C before and after 20 cycles (Figure 2b). 
The spectra were fitted to the same equivalent circuit as the NMC cells (Figure 3). The intersection 
with the real axis at 1 MHz was around 50 Ω in both cases and assigned to the solid electrolyte 
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resistance R1. The same equivalent circuit as NMC was used and the Zw1 values were 170 and 118 Ω 
for the initial state and after 20 cycles, respectively. At low frequency, the partial semicircle was 
assigned to the cathode. The Zw2 reached 3348 Ω before cycling and decreased to 1394 Ω after 20 
cycles. All results are summarized in Table 1 below. 
Table 1. Electrochemical properties obtained at 25 °C for the different cells studied in this work (σ: 
ionic conductivity of the solid electrolyte; CE: coulombic efficiency; R1, ZW1 and ZW2 are defined in 
Figure 3 and given at initial state (ini.) and after twenty cycles (20 c.)). 
Cell Type Voltage Capacity Capacity σ CE 
R1 
(ini./20c.) 
Zw1 
(ini./20 c.) 
Zw2  
(ini./20 c.) 
 V mAhg−1 mAhg−1 
x104Scm
−1 
% Ω Ω kΩ 
NMC│Cl-SE│In-Li 3.2–3.8 100 @ C/50 20 @ C/10 4.1 ~90 170/150 1040/1858 2/47 
NMC│I-SE│In-Li 3.2–3.8 75 @ C/50 10 @ C/10 7.6 ~90 120/340 1270/1780 56/63 
TiS2│I-SE│In-Li 1.3–1.9 240 @ C/100 20 @ 1C 7.6  97 50/50 170/118 3.35/1.39 
4. Discussion 
The SSBs using substituted argyrodites either with NMC or TiS2 as active cathode materials 
have been cycled for up to thirty-five cycles. Several differences at the performance level of the cells 
were found as a function of the cathode material. Regarding potential, the measured voltages were 
in line with the used active materials, in the range of 3.2–3.8 V for NMC and 1.3–1.9 V for TiS2 (vs. 
In-Li+/In-Li). Both batteries presented plateau-like behavior though sloping effects were observed. 
For NMC, this can be related to the interface between the oxide cathode and the sulfide electrolyte, 
where a space-charge layer can form as result of their different chemical potentials. This layer creates 
a large interfacial resistance, leading to a potential slope prior to the delithiation plateau of the oxide 
electrode in the charge profile as reported in [30,31]. It has also been shown that at the contact 
surface between lithium oxide cathode, LiMOz, and argyrodite SE, the solid electrolyte decomposes 
after 20 to 25 cycles into sulfides Li2Sn, sulfur, and P2S5. This yields to severe fading from the first tens 
of cycles for NMC-argyrodite solid state cells [19]. Mutual diffusion of Co and P atoms in this 
interface layer is also reported as another explanation for the high resistance of oxide-sulfide cells 
[32]. Indeed, transition metal atoms were found in the sulfide solid electrolyte even beyond the 
interface [33–35]. In contrast, possible intermixing effects are expected to be less harmful for 
TiS2/argyrodite-type interfaces due to their common sulfur chemistry. The excellent electrochemical 
performance found for the TiS2 cell evidenced a better compatibility between the active material and 
the sulfide electrolyte in comparison to NMC. This is in concurrence with the cycling reported by 
Sakuda et al. in TiS2│argyrodite│Li cells [36] and Unemoto et al. in TiS2│90LiBH4:10P2S5│InLi [37]. 
Using the same anode and electrolyte, it is worth comparing the behavior of the two studied 
active materials in the light of their different chemistry. TiS2 behaved much better than NMC in SSBs 
using the borohydride-substituted argyrodites as electrolyte. Looking to the EIS measurements, R1 
and Zw1 showed comparable values for NMC (with both Cl- and I-SE) and TiS2 (with I-SE) that 
agreed well with the assignment of R1 to the electrolyte and Zw1 to the charge transfer resistance at 
the anode. This was not the case for Zw2, and such differences were indeed caused by the cathode 
counterpart for which the resistive values Zw2 were much higher for NMC (up to 62 kΩ) than for 
TiS2 (around 3 kΩ). Such a difference can be attributed to two phenomena. First, given its poor 
cycling efficiency, the cathode rapidly forms a mixture of LixNMC at different lithiated states, having 
very high resistivity variations (i.e., 10−7 Scm−1 for x = 0 and 10−2 Scm−1 for x = 0.75, as reported by 
Amin et al. [25]). Second, the reactivity of the oxide cathode with the sulfide electrolyte leads to a 
resistive interface that accounts for the higher resistance, low coulombic efficiency, and severe 
capacity fading. This is not the case for TiS2, for which better chemical compatibility between the 
cathode and electrolyte is confirmed by the lower interfacial resistance. Finally, we noticed that the 
Warburg impedance of the cathode and SE/cathode interface of the as-mounted I-SE cell was much 
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higher than that of the Cl-SE one. This might indicate the formation of a passive interface due to a 
chemical reaction between I-SE and NMC as soon as they are in contact. 
The electronic conductivity of the In-Li alloy was of the order of 10−6 Ohm cm and therefore the 
resistance Zw1 was mainly attributed to Li diffusion at the anode-electrolyte interface. For NMC, the 
values were around 1.1 kΩ increasing up to about 1.8 kΩ after 20 cycles, independently of the SE 
nature (Cl-SE or I-SE). Surprisingly, although the cathode chemistry was not expected to play a role 
at the anode/SE interface, the values of Zw1 appeared lower for TiS2 (170 and 118 Ω, respectively). 
The main difference between cell impedances remained for the cathode counterpart. 
Recently, solid-state batteries using metallic or complex hydrides as anodes or electrolytes have 
been reported [22]. Most of them use Li or In-Li alloy as anodes (except for López-Aranguren et al. 
[38] using a MgH2-TiH2 hydride). Therefore, the main difference between those InLi-anode batteries 
is linked to the electrolytes and the cathodes. The ones referring to oxides (LiCoO2 or Li4Ti5O12) 
[39,40] show rather poor reversible capacities (between 10 to 86 mAhg−1) and need to be heated 
above the structural transition temperatures (60–120 °C) of the LiBH4-like electrolytes to become 
significantly conductive. In the present work, thanks to the RT-conductive electrolytes developed by 
Dao et al. [23], the NMC-SE cells provided capacity around 75–100 mAhg−1 at RT, even reaching 173 
mAhg−1 at 40 °C only. However, due to interfacial reaction between the cathode and the electrolyte, 
capacity fading occurred, showing the crucial point of compatibility between oxide cathodes and 
sulfide electrolytes. Indeed, Takahashi et al. [39] or Unemoto et al. [41] used Li3PO4-coated LiCoO2 to 
prevent such interfacial reaction. Much better results were obtained with TiS2. Though the use of 
high temperatures (80 to 130 °C) remains necessary for electrolytes based on borohydride or 
(car)boranes (Li2B12H12, LiCB11H12) [41–44], lower working temperatures can be achieved for 
sulfide-based electrolytes (Li(BH4)0.75I0.25 + (Li2S)0.75(P2S5)0.25) [37,45]. Good capacities at RT are 
reported by these authors, but only for a limited number of cycles (less than ten). Moreover, nominal 
capacity of TiS2 is not fully achieved and reversible capacities remain below 228 mAhg−1. In the 
present work, using our new (BH4)− substituted argyrodites, we reach 240 mAhg−1 at RT (i.e., the 
nominal capacity of TiS2) despite the need for two to three activation cycles related to the 
solid-electrolyte interface formation. Then, the battery provided full capacity for more than 35 cycles 
without fading, making a breakthrough for this type of RT titanium disulfide-based solid-state 
batteries. 
5. Conclusions 
In summary, using a new class of (BH4)− substituted argyrodites Li6PS5Z0.83(BH4)0.17, (Z = Cl, I), 
room temperature solid-state batteries have been set up by combining NMC or TiS2 cathodes with 
In-Li anodes. The use of oxide cathode allowed developing batteries with high voltage and good 
nominal capacity, but the cell suffered from interfacial reaction at the cathode side, leading to a 
strong resistance increase and fading of the reversible capacity over cycling. This might have been 
overcome by coating the active material with a protective layer (e.g., LiNbO3) [30]. Using a TiS2 
cathode, though presenting lower voltage, a higher capacity was achieved (240 mAhg−1) and full 
reversibility of the cathode was observed and preserved upon cycling with CE above 97%. This was 
attributed to the good compatibility between TiS2 and argyrodites, preventing the formation of an 
insulating layer at the cathode side. Energy density can still be improved by increasing the cell 
voltage using a low potential anode (made of metal hydrides for example) instead of the In-Li one. 
Improvements are still needed regarding lithium conductivity at RT that remains a limiting factor 
for high C-rates. 
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Impedance 
profiles of the NMC|I-SE|In-Li cell obtained before (open purple circle) and after (full orange circle) 20 cycles at 
25 °C. 
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Figure SI1 : Impedance profiles of the NMC|I-SE|In-Li cell obtained before (open purple circle) and after (full 
orange circle) 20 cycles at 25ºC. 
